Introduction {#section1-1536012118799838}
============

The use of biological imaging agents in positron emission tomography (PET) and other molecular imaging techniques has been a long-standing endeavor.^[@bibr1-1536012118799838][@bibr2-1536012118799838]--[@bibr3-1536012118799838]^ New technologies hold great promise toward early detection and improved treatment strategies of cancer and other diseases.^[@bibr4-1536012118799838],[@bibr5-1536012118799838]^ Antibody-based imaging has certain limitations that have slowed its introduction to routine clinical practice^[@bibr6-1536012118799838]^ but shows high potential. A primary caveats when considering the use of antibody-based imaging is the slow distribution and clearance kinetics of antibodies,^[@bibr7-1536012118799838]^ which can greatly lengthen the time between injection and scanning, promoting the use of long-lived isotopes with poor dosimetry profiles.^[@bibr7-1536012118799838],[@bibr8-1536012118799838]^ ^89^Zr-based immuno-PET, for example, has a mean effective dose significantly higher than that of ^111^In- and ^99^Tc-based tracers which can limit the repeatability of the application.^[@bibr9-1536012118799838]^

Systems to partially overcome specific limitations have been reported,^[@bibr8-1536012118799838],[@bibr10-1536012118799838][@bibr11-1536012118799838][@bibr12-1536012118799838][@bibr13-1536012118799838]--[@bibr14-1536012118799838]^ with a general solution still outstanding. In order to circumvent the problems arising from the large size of antibodies, curtailed variants like affibodies have been developed,^[@bibr15-1536012118799838]^ with a trade-off between binding affinity and size. A more fundamentally different approach are the so-called "pretargeting" strategies,^[@bibr16-1536012118799838]^ which make the antibody a surrogate target for a second, isotope-bearing reporter with more favorable biodistribution properties. That way, the slow antibody kinetics are decoupled from the actual imaging, and the use of shorter lived isotopes is possible.^[@bibr17-1536012118799838]^ Bispecific antibodies with affinity for a disease-related antigen as well as a radioactive reporter molecule were the first actualization of that strategy, with limited success.^[@bibr6-1536012118799838]^ The widespread use of bispecific antibodies is ultimately hampered by the difficulty in designing and producing such agents.^[@bibr18-1536012118799838],[@bibr19-1536012118799838]^ A more straightforward solution exploiting the high binding affinity between biotin and streptavidin^[@bibr20-1536012118799838]^ has been demonstrated, but limitations include the presence of endogenous biotin and the immunogenicity of streptavidin-derived agents.^[@bibr21-1536012118799838][@bibr22-1536012118799838]--[@bibr23-1536012118799838]^ Another variation is based on complementary DNA strands, but such systems suffer from rapid degradation in vivo.^[@bibr24-1536012118799838]^ While a number of other pretargeted strategies for PET imaging have shown immense promise, they have been restricted at least in part by the lack of appropriate in vivo bioconjugation methodology.^[@bibr23-1536012118799838]^ An inverse electron demand (IED) Diels-Alder strategy, for example, shows great promise, but limitations include the association kinetics that are much lower than that of noncovalent high-affinity interactions used in humans and that trans-cyclooctene can be deactivated via copper-containing proteins.^[@bibr23-1536012118799838],[@bibr25-1536012118799838]^ Herein, we report proof-of-concept experiments suggesting that a cucurbituril/adamantane-based system could ameliorate shortcomings of current bioconjugation methodologies in pretargeted immuno-PET ([Figure 1](#fig1-1536012118799838){ref-type="fig"}).

![Strategies in immuno-PET imaging. 1, Classic immuno-PET imaging employs antibodies bearing long-lived radioisotopes that match slow antibody kinetics, limiting its application due to poor dosimetry.^[@bibr4-1536012118799838],[@bibr23-1536012118799838]^ 2, Pretargeting temporally and spatially decouples the antibody distribution and the radiovisualization steps.^[@bibr16-1536012118799838]^ Different strategies can be employed, for example 2a. Biotinylated antibodies that are visualized after initial clearance with radiolabeled streptavidin^[@bibr15-1536012118799838]^ or 2b. Trans-cyclooctene-tagged antibodies that are visualized with radiolabeled tetrazine derivatives via inverse electron demand diels alder reactions.^[@bibr32-1536012118799838]^ 2c, We propose that cucurbituril-tagged antibodies can be visualized with radiolabeled adamantane derivatives, which could circumvent limitations inherent to other bioconjugation strategies. PET indicates positron emission tomography.](10.1177_1536012118799838-fig1){#fig1-1536012118799838}

Cucurbiturils are macrocyclic glycoluril oligomers that are broadly used in supramolecular chemistry as hosts for small hydrophobic organic residues.^[@bibr26-1536012118799838],[@bibr27-1536012118799838]^ Interest has been demonstrated for their use as additives in pharmaceutical formulations similar to cyclodextrin.^[@bibr28-1536012118799838]^ Toxicity and cytotoxicity of cucurbiturils has been demonstrated to be low,^[@bibr29-1536012118799838]^ but immunogenicity has yet to be investigated. Adamantane derivatives have a particularly high affinity to cucurbit\[7\]uril (CB7),^[@bibr30-1536012118799838]^ and association kinetics are fast^[@bibr31-1536012118799838]^ The advantage of this system is that the extremely strong and fast association of CB7 with a wide range of adamantyl-bearing molecules allows for flexibility around the reporter design and can be tailored toward a number of specific applications, including pretargeted immuno-PET. For reference, adamantane guests in CB7 have equilibrium constants in the range of 10^[@bibr10-1536012118799838][@bibr11-1536012118799838][@bibr12-1536012118799838][@bibr13-1536012118799838][@bibr14-1536012118799838]--[@bibr15-1536012118799838]^ (M^−1^).^[@bibr30-1536012118799838]^

Results and Discussion {#section2-1536012118799838}
======================

In immuno-PET, some hurdles arise from the slow distribution kinetics of antibodies. Pretargeting surface antigens with a CB7-bearing antibody and subsequent imaging with a radiolableled adamantane-containing small molecule (reporter) with tunable pharmacokinetics could allow the use of short-lived isotopes to image targets through pretargeted immuno-PET. Azide-linked CB7 for antibody labeling can be readily synthesized^[@bibr33-1536012118799838]^ for future studies with a CB7--antibody complex. An advantage over available systems lies in the flexibility around the design of the reporter, with adamantane being a relatively small, unreactive entity. Due to its lipophilicity and ability to ensure drug stability, the adamantyl scaffold has enhanced pharmacokinetics of the modified drug candidates.^[@bibr34-1536012118799838]^ Selecting a cell-permeable compound as a reporter, for example, should enable imaging of internalized antibodies, making the concept much more generally applicable.

We were interested to investigate the suitability of the adamantane--CB7 interaction for pretargeting purposes. In order to do so, 2 basic properties had to be investigated: (1) stability of a preformed adamantane--CB7 complex in vivo and (2) fast enough association kinetics to ensure effective de novo complex formation in vivo.

We decided to use an existing radiotracer with a substituted adamantane moiety---\[^11^C\]Martinostat (**1**)---to investigate these fundamental aspects of the proposed system. In [Figure 2](#fig2-1536012118799838){ref-type="fig"}, the results of PET imaging experiments to address these concerns are displayed. The tracer exhibits high brain penetrance in rodents, while CB7 should show very limited blood--brain barrier penetrance based on its size and polarity. When the radiotracer **1** was treated with CB7 before administration, approximately 90% less radioactivity was taken up in the brain. We preliminarily conclude that these results show the potential of complexes of adamantane-containing small molecules with CB7 is stable in vivo on a PET imaging timescale for a pretargeting strategy. When animals were treated intravenously with CB7 before administration of **1** ("pretreated"), the same result was obtained: After an initial spike, practically no radioactivity was retained in the rodent brain. We therefore conclude that condition **2** is fulfilled, the kinetics of the CB7--adamantane system, without antibody conjugation, is fast enough for complex formation in vivo. However, we should note that although compound **1** freely diffuses cell membranes and accesses privileged cell compartments like the nucleus, it remains unclear the extent to which to internalized/vesicularized moieties (eg, antibodies) could be engaged with adamantane/CB7 systems.

![Changes in brain penetrance of martinostat (**1**) in the presence of CB7. **1** Exhibits high brain uptake. When complexed by CB7 prior to administration ("precomplexed"), practically no radioactivity is observed in the brain. The effect can be reproduced by "pretreating" the animal with systemic CB7 prior to radiotracer administration. CB7 indicates cucurbit\[7\]uril.](10.1177_1536012118799838-fig2){#fig2-1536012118799838}

We were further able to demonstrate in mouse whole-body PET scans that the concept is more general, by comparing the distribution behavior of 3 radiolabeled molecules by themselves in comparison to the host--guest complex with CB7. These data suggest that CB7 dominates the biodistribution of guest molecules, which discloses the distribution behavior of CB7 in vivo, which is highly relevant with respect to pharmaceutical applications of the host.

As seen in the left row of images in [Figure 3](#fig3-1536012118799838){ref-type="fig"}, 3 different C-11-labeled molecules **2** to **4** showed distinct distribution patterns when administered individually, but the images look practically identical (right row) for all 3 tracers when precomplexed with CB7. The uncomplexed molecules clearly show different amounts of renal versus hepatic clearance and possibly different metabolic cleavage of methanol, which could be responsible for the excellent clearance of **2**. For a suitable reporter, clearance behavior can be optimized to detect lesions in particular areas of interest with higher specificity, that is, a compound with exclusively renal clearance would be desirable to detect regions of interest around the liver. When complexed with CB7, the intrinsic properties of the probes are masked and they all behave essentially the same. It is interesting to note that in all 3 cases, the same change in distribution over time was observed, which is visualized for one animal in the Supporting video. After injection in the lateral tail vein, the tracers pass the heart and after a brief period of systemic distribution are filtered out by the kidneys and passed on to the bladder. In averaged images of later time points (30-60 minutes post-time of injection \[TOI\]), as shown on the right side of [Figure 3](#fig3-1536012118799838){ref-type="fig"}, the kidneys are the most prominent radioactive feature beneath the bladder. It is important to note that while brain uptake may not be a primary measure of this system's effectiveness, it is indicative of the potential of the system's success in future pretargeting experiments with antibody conjugation.

![Biodistribution of **2** to **4** in the absence and presence of CB7. Three different ^11^C-labeled molecules show distinct biodistribution in mice when administered individually. The left image column represents sagittal views of a 3-dimensional rendering of dynamic PET data averaged from 30 to 60 minutes postradiotracer injection overlaid on a CT of the same animal. 1 mg/mL of CB7 was used for precomplexed experiments. The transverse view to the right shows the same animal from a different perspective for clarity. In the right column of images, the distribution of the same ^11^C-labeled molecules is shown when precomplexed with CB7. CB7 indicates cucurbit\[7\]uril; PET, positron emission tomography; CT, computed tomography.](10.1177_1536012118799838-fig3){#fig3-1536012118799838}

The experiments were carried out with low *effective* specific activity reporters. It is conceivable that the mass of injected reporter is a variable that needs to be optimized for distinct imaging protocols, and the molecules employed can all be synthesized in high specific activity simply by adding additional purification steps.

The short half-life of ^11^C presents an intrinsic practical limitation to the proposed application. ^18^F is easily available throughout the continental United States, as it is the most commonly used positron emitter in the clinical setting, and fluorinated tracers are currently the most useful in a logistic capacity and allow for more stable syntheses due to the longer half-life compared to ^11^C. More recent advances in ^18^F fluorination chemistry allow the direct labeling of adamantyl residues with ^18^F.^[@bibr35-1536012118799838]^ In order to probe whether associated structural changes disrupt the complexation, experiments analogous to [Figure 3](#fig3-1536012118799838){ref-type="fig"} were conducted with ^18^F-labeled fluoroadamantylamine in Sprague-Dawley rats. As seen in [Figure 4B and C](#fig4-1536012118799838){ref-type="fig"}, not only was the retention time of the probe on a high-performance liquid chromatography (HPLC) shifted significantly when CB7 was added but also the ratio of kidney-to-liver uptake at later time points was increased over 4-fold consistent with the biodistribution changes observed earlier. The change in distribution was reproducible by injecting CB7 separately 5 minutes before injection of radiotracer. This alludes to the potential that association kinetics will be sufficient for future experiments of this system with antibody-conjugated CB7. It is further worth noting that no bone uptake of fluoride was observed, indicating metabolic stability of the C--F bond on a PET timescale, which is atypical for aliphatic fluorides. These results suggest that fluoroadamantyl moieties should receive more attention in the design of ^18^F-radiotracers generally, since they are practically accessible and stable, yet to our knowledge not utilized. While formal H to F substitutions may lead to purification issues, alternative aliphatic fluorination methods are available that employ starting materials more easily separable from fluorides than the unsubstituted compounds (eg, carboxylates).^[@bibr36-1536012118799838]^

![Fluorinated adamantane is a suitable reporter moiety. (A) Scheme of the radiosynthesis of fluoroadamantylamine **5** used for imaging; **(**B) change in HPLC retention behavior upon addition of CB7 to the tracer; (C) ratio of average radioactivity retained in rat kidneys over liver (averaged 30-60 minutes), which increases 4-fold when **5** is complexed by CB7 or when the animal is pretreated with CB7. HPLC indicates high-performance liquid chromatography; CB7, cucurbit\[7\]uril.](10.1177_1536012118799838-fig4){#fig4-1536012118799838}

Summary {#section3-1536012118799838}
=======

We establish herein the preliminary compatibility of the adamantane/CB7 host--guest complex interaction with the concept of pretargeted immuno-PET. We show for a variety of radiolabeled reporters that association complexes with CB7, albeit without antibody conjugation, are stable and form rapidly in vitro and in vivo and that biodistribution of radiolabeled adamantane derivatives can be fundamentally changed by addition of CB7 for both molecules labeled with ^11^C and ^18^F. In addition to our preliminary findings, we report a potential caveat in that the extremely rapid complex will leave complex formation in the blood which could be a major hurdle. We also note the possibility of the rate of clearance of the molecules to be too rapid for tumor targeting. We are hopeful that this concept will be widely applicable to pretargeted immuno-PET as well as pretargeted radiotherapy. Applications of CB7 in pharmaceutical formulation can profit from information about its in vivo distribution disclosed herein as well.

Materials and Methods {#section4-1536012118799838}
=====================

Radiosynthesis {#section5-1536012118799838}
--------------

*Compound **1*** (Martinostat) was prepared as previously described.^[@bibr37-1536012118799838]^ Molecular weight: 354.49 g/mol.

*Compounds **2-4***: \[^11^C\]MeI was trapped in 0.6 mL dimethyl sulfoxide (DMSO). The solution was partitioned into 3 vials each containing 2 mg K~2~CO~3~ and 2 mg of either 1-adamantaneacetic acid, 1-adamantane carboxylic acid, or 1-adamantanemethylamine. The vials were capped and heated at 85°C for 5 minutes, then each diluted to 20 mL and passed through an Oasis C-18 SPE cartridge. The cartridge was washed with water and the product eluted with 1 mL ethanol. Activity yields obtained 47% (adamantaneacetic acid methyl ester (**2**)), 27% (adamantanecarboxylic acid methyl ester (**3**)), and 35% (N-methyl-1-adamantanemethylamine (**4**)).

*Compound **5***: \[^18^F\]fluoride was passed through and trapped on a Chromafix PS-HCO3 IEX cartridge which had been conditioned with 1 mL of 1 mg/mL K~2~CO~3~ solution and equilibrated with 5 mL of deionized water. The cartridge was washed with 5 mL of deionized water, and residual water was removed with air purge. Then a solution containing 16 mg of Mn(TPFPP)OTs and 0.5 mL acetone was used to slowly elute the \[^18^F\] fluoride into a dram vial containing 62.8 mg of 1-(Boc-amino)-adamantane, 80 mg of PhIO, 0.4 mL of dry acetonitrile, and a stir bar. The resulting solution was capped and stirred at 50°C for 10 minutes. After 10 minutes, 1 mL of dry acetonitrile was added, and the resulting solution was pushed through a Phenomenex PTFE membrane 0.45 μm × 15 mm syringe filter for semi-preparatory HPLC analysis. Using an Agilent Eclipse XDB-C18 (9.4 μm × 250 mm × 5 μm) column and a water/acetonitrile (95:5 to 5:95 over 25 minutes at 4 mL/min) gradient with 0.1% trifluoroacetic acid mobile phase, the desired fraction was collected around 15 minutes. The fraction was loaded onto a Phenomenex Strata X 33u 500 mg/6 mL cartridge which had been conditioned with ethanol and water. The cartridge was washed with 10 mL of sterile water for injection, and residual water was removed with air purge. The product was eluted with 3 mL of ethanol, the first and third milliliter of eluate was discarded. HCl (conc) of 80 μL was added to the vial and heated at 65°C for 30 minutes. sodium carbonate buffer (pH 9.4) of 1 mol/L was added to neutralize the solution; 0.9% saline was added to make a 10 mL isotonic solution. The resulting solution was pushed through a Millex-GP sterilizing filter. The final product solution was analyzed under HPLC using an Agilent XDB-C18 (4.6 μm × 150 mm × 5 μm) column and a water/acetonitrile gradient (95:5 to 5:95 over 18 minutes at 1 mL/min) with 0.1% trifluoroacetic acid.

To prepare CB7 complexes, 1 mL of formulated dose was combined with 1 mg of CB7 dissolved in 10 μL of DMSO.

Imaging {#section6-1536012118799838}
-------

### Animal preparation {#section7-1536012118799838}

All treatment and imaging experiments were performed in accordance with procedures approved by the Institutional Animal Care and Use Committee at the Massachusetts General Hospital.

#### Rats {#section8-1536012118799838}

Three male Sprague-Dawley rats (Charles River Laboratories) were used for PET imaging. Anesthesia was achieved with isoflurane in medical oxygen carrier (3% for induction, 2% for maintenance). For intravenous administration, a catheter with an extension line was placed in a lateral tail vein. One animal received a second catheter in the opposing lateral tail vein for administration of CB7 (2 mg/kg of CB7 in 10% DMSO, 10% Tween80, and 80% saline at 2 mg/mL) 5 minutes prior to radiotracer administration.

#### Mice {#section9-1536012118799838}

Six male mice C57BL/6J (Jackson Laboratories) were used for PET imaging. Anesthesia was achieved with isoflurane in medical oxygen carrier (3% for induction, 1% for maintenance, periodically adjusted to maintain a breathing rate of 30-70/minutes). For intravenous administration, a needle with an extension line was placed in a lateral tail vein.

### PET/computed tomography image acquisition {#section10-1536012118799838}

After injection of a radiotracer bolus, a 60-minute dynamic PET scan was acquired. The PET scans were performed on a GammaMedica Triumph PET/CT/SPECT scanner, corrected for attenuation with a µ-map derived from the corresponding computed tomography (CT) image, which was acquired immediately before the PET scan. The dynamic PET data were binned into 38 time frames (8 × 15 seconds, 8 × 1 minutes, 10 × 2 minutes, 6 × 5) and reconstructed individually via an iterative maximum likelihood expectation maximization algorithm in 16 iterations.

### Image analysis {#section11-1536012118799838}

The PET images were coregistered to the CT image acquired from the same animal using AMIDE. Regions of interest were placed according to the CT image. Whole brain time--activity curves were generated by AMIDE, and peripheral data were averaged from 30 to 60 minutes after extraction and both plotted with GraphPad Prism 7. Whole-body mouse images were visualized using AMIRA (Thermo Scientific).
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